INTRODUCTION
Compositions based on polystyrene are now widely used as scintillators in ionising radiation detectors (Refs. 1, 2). Traditionally these detectors consist of a scintillator coupled to a photomultiplier. The scintillator is fabricated on the basis of a polystyrene composition as a thin sheet with thickness of 0.4 cm and linear dimensions of 10-50 cm. The scintillator converts the energy of ionising radiation to light pulses. The photomultiplier amplifies the scintillation pulses and converts them to an electrical signal. To ensure high operational parameters of the detectors, there are quite stringent requirements on the properties of the polystyrene compositions. In particular, the material must have sufficiently high transparency: the decay path of light from natural luminescence, i.e. the distance over which the intensity of the scintillation flux decreases exponentially (i.e. by e times), must be at least 50 cm, so as to exceed the dimensions of the product. The luminescence yield (quantum efficiency), characterising the intensity of radioluminescence, must be at least 40% relative to a scintillator made from anthracene. The scintillators will be mounted in complex instruments, the design of which does not allow their replacement if they are damaged. The material of the product must be strong enough to avoid breakage during installation of the detector. Accordingly, it has become necessary to study the aforementioned characteristics of polystyrene compositions in relation to the production conditions in which they are made.
EXPERIMENTAL SECTION
For the investigation, samples of scintillation compositions were prepared on the basis of polystyrene with luminescent additions: paraterphenyl (PTP, 2 wt.%) and 1,4-di-[2-(5-phenyloxazolyl)]-benzene (POPOP, 0.02 wt.%). Scintillation compositions were also prepared with plasticisers based on derivatives of naphthalene, diphenyl oxide, and diphenyl, addition of which, at a concentration of 15-20%, promotes an increase in radiation stability (Ref. 2) . The test samples were obtained by the following methods:
-block polymerisation in large moulds 30x30x100 cm; -polymerisation in thin moulds made of silicate glass with dimensions 0.4x100x100 cm;
-processing of a material obtained by polymerisation in a cylindrical chemical reactor with internal diameter of 10 cm and height of 100 cm;
-injection moulding of commercial polystyrene granules (PSM-115, BASF).
The test samples were made using styrene that had been specially purified by distillation, chromatographic adsorption (with aluminium oxide) and bubbling (with argon). The luminescent additives were dissolved in styrene heated to 80°C. The solution was loaded into the mould or reactor, where it was polymerised at temperatures from 80 to 150°C for 48-64 hours, followed by annealing at 160°C for a further 48 hours, which ensured a decrease in concentration of residual monomer to 0.5-1.5%. After annealing, the temperature was lowered at a rate of 5°C/h with holding at 90°C and at 110°C for 12 hours in each case for relieving internal stresses.
The mechanical and rheological properties were measured on samples with the dimensions 4x20x200 mm. The strength σ d of the material of the samples was T/65 determined using an Instron tensile tester. A type IIRT-AM instrument was used for measuring the melt viscosity of the material η (τ = 100 kPa, T = 200°C). The glass transition temperature T g was determined by differentialthermal analysis using a Mettler TA3000 instrument. The surface quality of the samples was determined by measuring surface roughness R a on a P-296 profilometer. The weight-average molecular weight was measured by viscosimetry in a toluene solution. The concentration of residual monomer, C m , was measured by gas chromatography. The parameters of the molecular weight distribution of the material of the compositions were also determined numerically according to the temperature conditions of production, using the relations given in the literature (Ref.
3).
For measuring the scintillation and optical characteristics of the polystyrene compositions, a sample (4x20x200 mm 3 ) was joined by its smallest face (4x20 mm 2 ) to a photomultiplier. The sample was scanned with a 90 Sr β-source along its long, wide edge (20x200 mm 2 ). We measured the anode current (i) of the photomultiplier, which is proportional to the intensity of the radioluminescence excited by the β particles. The relative luminescence yield (I) was considered to be the value of the current with the β source located at a distance of 1 cm from the photomultiplier, normalised to the relative luminescence yield of a reference sample (anthracene). To determine the technical decay path of the light from natural radioluminescence (L), we calculated the distance over which the intensity of luminous flux of the scintillations decreases exponentially according to the formula:
RESULTS
Material is formed with different structure, depending on the temperature conditions of production (of the compositions). As shown in Figure 1 , the compositions consist of macromolecules of different lengths, i.e. they are characterised by different weight-average molecular weights M w . The commercial polystyrene granules and the compositions obtained by polymerisation in large moulds are characterised by low weight-average molecular weight M w = 0.5-1 · 10 5 , because of the high production temperatures, up to t = 100-140°C. Lowering the temperature to t = 70-120°C in polymerisation in thin moulds and in the cylindrical reactor makes it possible to increase the length of the polymer chains and the weightaverage molecular weight to 2-5 · 10 5 . A large difference in polymerisation temperatures or a substantial temperature drop causes an increase in the proportion of short macromolecules (with molecular weight below 10 4 ), as well as retention of unreacted monomer in the bulk, leading to an increase in width of the molecular weight distribution to M w /M n = 4-5. Selection of optimum production conditions makes it possible to reduce the width of the molecular weight distribution to M w /M n = 2-3 and the concentration of residual monomer from 1% to 0.5%.
The temperature conditions for production of polystyrene compositions have quite a strong influence on their rheological and mechanical properties. As shown in Figure 1 , the melt viscosity, glass transition temperature and strength of the compositions depend on the weightaverage molecular weight M w . Accordingly, production of raw material for processing by injection moulding is carried out in accordance with specially selected temperature conditions (110-120°C), so that the weightaverage molecular weight does not exceed 2·10 5 , and T/66 melt viscosity is low (not above 10 kPa.s). An increase in the weight-average molecular weight, connected with a decrease in the temperature of production, causes a considerable increase in melt viscosity, promoting destruction (yellowing) of the material during processing, and development of internal waviness.
Increase in the weight-average molecular weight during production of the compositions by polymerisation gives rise to greater strength and a higher glass transition temperature of the material (Figure 1) . It becomes more resistant to the action of external factors. Increase in strength and glass transition temperature of the material also arises through processing by injection moulding, which is connected with partial orientation of the polymer chains and their closer packing during processing of the material and moulding of the product (Figure 1) .
The properties of the compositions are affected by the presence of scintillation additions in the material, which promote partial plasticisation, i.e. an increase in mobility of the polymer chains. Thus, compared to pure polystyrene, the material of the scintillation composition has 50% lower viscosity, 10% lower strength and 5-10°C lower glass transition temperature (Figure 1) . Addition of plasticisers (at concentration C p = 5-15%) promotes more effective plasticisation. The strength of the samples σ d drops by 10-30%, viscosity η decreases by a factor of 5-10, and the glass transition temperature drops by 10-40°C (compared with pure polystyrene).
The production conditions and parameters (as shown in Table 1 ) have an effect on the optical properties of the compositions: the decay path (the samples hardly vary with respect to the luminescence yield I ≈ 45-55%). Compositions made by polymerisation in a thin layer (3-4 mm) between polished glass plates have a long decay path (L = 74-85 cm) on account of formation of a material without optical defects in the bulk (frozen convection currents of the material, internal waviness and other defects) and high quality on the surface (roughness R a = 0.01 µm). A somewhat shorter decay path is characteristic of samples made by polymerisation in large moulds, on account of formation of internal waviness during boiling of the reaction mass and machining of the surface (R a = 0.05 µm). Addition of plasticisers to the composition (C p = 15%) leads to a partial decrease in length of the decay path and in luminescence yield, which is connected with the formation of various optical defects during production.
Samples made by injection moulding from commercial polystyrene granules are far inferior, with respect to the length of the decay path, to scintillators obtained by polymerisation, which is connected with low transparency of the starting material and formation of numerous waviness defects during processing of the material. Doubling of the length of the decay path in these samples (from 20-30 cm to 50-60 cm) was achieved when the compositions were prepared by polymerisation in a reactor plus further processing ( Table 1 ). In this case the melt from the reactor, heated to 100°C, is fed directly into the hopper of the injection moulding machine, and this promotes an increase in optical homogeneity of the system. A high-quality surface of the samples (R a = 0.02-0.03 µm) is formed through the melt being in contact with the polished surface of the mould.
DISCUSSION
As can be seen from the data presented in Figure 1 and Table 1 , the process parameters in the production of polystyrene compositions have an effect on their basic service characteristics. According to data in the literature (Refs. 4, 5) , this is because the production process has a substantial effect on the supermolecular structure of the material. If a sufficient proportion of macromolecules with weight-average molecular weight M greater than the critical molecular weight M c accumulates in the polymerising medium, various kinds of supermolecular formations start to form, and this occurs at conversion α > 50-70%. However, the system still contains quite a high concentration of monomer, and heat and mass transfer due to boiling or superheating of the system, taking place in this stage, will cause movement of the macromolecules relative to one another. Short chains with M < M c will be displaced in the mass-transfer stream, and long chains (M > M c ) will be deformed and stretched. Introduction of additives or plasticisers into the material will facilitate this effect of alteration of supermolecular organisation. During shrinkage, cooling or processing of the compositions, the presence of a large number of short chains in the material (M w ≤ 10 5 , M w /M n ≥ 4) will also cause partially-oriented stressing of the polymer chains. If, on the other hand, the molecular weight distribution of the macromolecules in the composition is homogeneous (M w /M n ≤ 2-3), the change in supermolecular structure of the material T/67 described above will be less pronounced. Thus, the supermolecular organisation of the material will develop in relation to the molecular weight distribution of the matrix, the concentration of additives and the conditions in which the composition is obtained.
CONCLUSIONS
The process parameters in the production of polystyrene compositions have a significant influence on their service properties, in connection with the fact that they determine the conditions of formation of the supermolecular structure of the product -the mutual arrangement and orientation of the macromolecules. Depending on the supermolecular structure, there is development of optical heterogeneity of the polystyrene compositions in the form of internal waviness and frozen convection currents, which exert an influence on the length of the decay path of light from natural luminescence of the polystyrene compositions. The production conditions also determine the molecular weight distribution of the matrix of the compositions and affect the strength of scintillation polystyrene compositions. Addition of luminescent additives and plasticisers to the polystyrene matrix also alters the basic service properties of the compositions.
